mesenchymal stem cells was recently shown to be induced by interaction with breast cancer stem cells. A positive feedback cytokine loop between the two cell types was identified in which the cancer cells secrete IL6, which mediates the homing of the mesenchymal stem cells and the induction of CXCL7 production.
Our aim was to analyze the potential role of chemokine receptors CXCR2 and CXCR4 signalling pathways in liver metastatic colorectal cancer (CRC) relapse. CXCR2, CXCR4, and their chemokine ligands were evaluated in liver metastases of colorectal cancer in order to study their correlation with overall and diseasefree survival of patients having received, or not received, a neoadjuvant chemotherapy regimen. Quantitative RT-PCR and CXCR2 immunohistochemical staining were carried out using CRC liver metastasis samples. Expression levels of CXCR2, CXCR4, and their ligands were statistically analyzed according to treatment with neoadjuvant chemotherapy and patients' outcome. CXCR2 and CXCL7 overexpression are correlated to shorter overall and disease-free survival. By multivariate analysis, CXCR2 and CXCL7 expressions are independent factors of overall and disease-free survival. Neoadjuvant chemotherapy increases significantly the expression of CXCR2: treated group 1.89 (0.02-50.92) vs 0.55 (0.07-3.22), P = 0.016. CXCL7 was overexpressed close to significance, 0.40 (0.00-7.85) vs 0.15 (0.01-7.88), P = 0.12. We show the involvement of CXCL7 ⁄ CXCR2 signalling pathways as a predictive factor of poor outcome in metastatic CRC. 5-Fluorouracilbased chemotherapy regimens increase the expression of these genes in liver metastasis, providing one explanation for aggressiveness of relapsed drug-resistant tumors. Selective blockage of CXCR2 ⁄ CXCL7 signalling pathways could provide new potential therapeutic opportunities.
C olorectal cancer (CRC) is a major public health problem with 63% of 5-year overall survival for all stages combined.
(1) Liver metastases are the first metastatic site, affecting approximately half of patients within 5 years of diagnosis. (2) Complete surgical resection is the only potential curative treatment of CRC liver metastases, resulting in 5-year survival rates of 36-58%. (3) Neoadjuvant and ⁄ or adjuvant chemotherapies typically involve cytotoxic drugs, mainly 5-fluorouracil (5FU) and leucovorin associated with irinotecan and ⁄ or oxaliplatin, and more recently biotherapies such as bevacizumab, a mAb directed against vascular endothelial growth factor (VEGF) or cetuximab, an anti-epidermal growth factor receptor. (4, 5) In patients with metastatic CRC, the addition of bevacizumab to fluorouracil-based chemotherapy resulted in statistically significant improvement in survival. (6) Nevertheless, a major limitation in the long-term efficacy of chemotherapeutic and biologic agents is related to drug resistance and metastatic relapse.
Several studies have highlighted the role of chemokines in tumor growth, metastatic spread, or resistance to anticancer therapies. (7) (8) (9) Chemokines are a family of small heparin-binding and secretory proteins subdivided into four families (CXC, C, CC, and CX3C). Previous studies have brought to evidence the important role of the CXCR4 ⁄ CXCL12 axis in tumor progression and patient survival. CXCR4 promotes tumor progression at different levels of malignancy including tumor growth, angiogenesis, metastatic dissemination, and homing in CXCL12-enriched cellular niches in metastasis target tissues. (10) (11) (12) CXCR4 expression was shown to be a prognostic marker in various types of cancer, including colon and breast carcinoma or acute myelogenous leukemia. (13) (14) (15) A high expression level of interleukin-8 (IL-8) ⁄ CXCL8 in the tumor has further been associated with poorer survival. (16) The expression of CXCR2 is greater in CRC than in tissue of colorectal adenoma, and in adenoma tissue than in normal colonic mucosa. (17) Activation of CXCR2 by its ligands, such as CXCL8, in tumor microenvironment could change the behavior of tumor cells and promote CRC growth and metastatic spread. (18) (19) (20) In gastric cancer, the tumoral expression of CXCR2 was found to be connected to the patient prognosis. (21) Few studies have been carried out on neutrophil-activating peptide-2 ⁄ CXCL7, however, the prognosis of pancreatic cancer seems related to its plasma level of expression. (22) Our previous work showed that chronic treatment of the HT29 metastastic colon carcinoma cell line by chemotherapy promoted the emergence of cell clones overexpressing CXCR4, and that CXCR4 played a role in the metastatic dissemination. (7) In resected liver metastases from patients with colon cancer, we showed elevated CXCR4 levels in patients treated with neoadjuvant chemotherapy. (7) In this study we show that the expression of CXCR2 and CXCL7 are independent prognostic factors of cancer relapse and worse survival in patients treated for liver metastasis of colon cancer. We also show that the expression levels of both CXCR2 and CXCL7 are higher in liver metastases from patients who have received neoadjuvant therapy. Moreover, the correlation between CXCR2 ⁄ CXCL7 expression and overall or disease-free survival is primarily supported by the subgroup of patients treated by neoadjuvant chemotherapy.
Materials and Methods
Patients and tissue processing. From February 2002 to May 2009, 55 patients who underwent hepatic resection at our institution for colorectal liver metastases gave informed consent to enter this study. All patients had regular follow-up with physical examination and abdominal imaging every 3-6 months by the referring surgeon and ⁄ or oncologist.
After hepatic resection, 58 samples of liver metastases were harvested for snap-freezing within the tumor cell and tissue bank of the Regional Reference Cancer Center of Lille (Lille, France). Fifty-two samples were originated from individual patients. Two independent samples were harvested in two patients before and after neoadjuvant chemotherapy. For one patient, two independent samples were harvested on distant liver metastasis. The whole remaining tissue was fixed in 10% formalin and several other fragments were taken from the fixed metastases and embedded in paraffin for conventional histology. Regarding histological examination of the liver metastasis samples, the mean proportion of necrosis was 30.8 AE 25.9%. The mean proportion of tumor cells to stromal tissue was 54.3 AE 19.8%. In patients who received chemotherapy before liver resection, the drugs consisted of capecitabine alone or 5FU and leucovorin ⁄ folinic acid either alone or associated with oxaliplatin (FOLFOX), irinotecan (FOLFIRI), or with irinotecan and bevacizumab (FOLF-IRI-bevacizumab) ( Table 2) . (6) Once the patients had been treated with curative hepatectomy, no further adjuvant chemotherapy was given. Samples of human origin and associated data were obtained from the tumor cell and tissue bank of Regional Reference Cancer Center of Lille that operates under the authorization AC-2013-1847, granted by the French Ministry of Research. Prior to scientific use of samples and data, patients were appropriately informed and asked to consent in writing in compliance with French and European regulations. The project was approved by the Comit e Scientifique de la Tumoroth eque du C2RC de Lille.
Quantitative RT-PCR. Total RNAs were extracted using the NucleoSpin RNA II kit (Macherey Nagel, D€ uren, Germany) following manufacturer's protocol. cDNAs were prepared as previously described. (23, 24) Amplification of cDNA was carried out using the Power SYBR Green kit PCR Master Mix and the real-time detection of amplification product was carried out using a LightCycler 480 instrument (Roche Basel, Switzerland). Each marker was assayed in triplicate in three independent experiments. Expression levels of genes were normalized to the mRNA level of GAPDH and HPRT1 housekeeping genes. Results were expressed in reference to the individuals who never received chemotherapy as follows: the results of control groups were averaged and set to 1 for comparison with gene expression of the individuals who received chemotherapy. Primer information is given in Table S1 .
Immunohistochemistry. Immunohistochemical staining was carried out on 4-lm-thick sections from the formalin-fixed embedded tissues using an automated immunostainer Benchmark XT (Ventana, Strasbourg, France). Tissue sections were incubated with rabbit anti-CXCR2 antibody (ab14935) (1:100; Abcam Cambridge, UK). The slides were counterstained with Harris hematoxylin and coverslipped with glycerol. Negative controls consisted of similar sections processed without the primary antibody. Positive external controls consisted of normal colonic mucosa sections. Histologic assessment was carried out by two pathologists. Cells were considered positive if cytoplasmic or membranous staining was present. The periphery, the center of tumors, and the surrounding normal tissues were assessed.
Statistical analysis. Results were expressed as mean AE SD, median, maximum, and minimum for continuous variables and as frequencies and percentages for categorical variables.
The disease-free survival after hepatectomy was defined as the time between the date of hepatectomy of the date of last follow-up or relapse. No patient had experienced death before relapse. The overall survival was calculated as the time between the date of hepatectomy and the date of last followup or death.
Comparisons of frequencies were done using a v 2 -test or Fisher's exact test.
For continuous parameters, the assumption of normality was tested by Shapiro-Wilk test. For continuous parameters with normal distribution, the comparisons of groups were carried out using Student's t-test or ANOVA. Otherwise, we used the Mann-Whitney U-test or the Kruskal-Wallis rank test.
The disease-free and overall survival curves were estimated using the Kaplan-Meier method and compared according the groups using the log-rank test. For continuous parameters, we used Cox's proportional hazard model and the hazard ratios with 95% confidence intervals were calculated.
The following parameters were tested for their association with survival (bivariate analyses): expression in quantitative RT-PCR (qRT-PCR) of genes of interest, chemotherapy treatments, and confounding factors (T, N, M, location of the primary colorectal tumor, synchronous liver resection or not with colectomy, age at colorectal surgery, synchronous or metachronous liver metastases, chemotherapy administered in a time <6 months). When a significant relationship between survival and parameters of expression in qRT-PCR existed, we identified an optimal cut-off by using the maximization of the hazard ratio. The quantitative variables were dichotomized by identifying the cut-off that maximizes the log-rank test.
Multivariable Cox regression was used to analyze the relationship between survival and the treatments after adjustment for other parameters related to survival. The parameters included in this multivariable analysis were the parameters having a P-value < 0.05 in the bivariate analyses.
A P-value < 0.05 was considered statistically significant. All statistical analyses were carried out by means of SAS software (SAS Institute Inc., Cary, NC, USA).
Results
Study population. The mean age at the time of primary tumor resection was 61 AE 10.6 years. The primary tumor location was right or transversal colon in 10 cases, left colon in 28 cases, and rectum in 17 cases. Most patients (38 of 55; 69.1%) received adjuvant chemotherapy following the resection of the primary tumor. Among the 58 samples of liver metastases, 34 (58.6%) originated from patients preoperatively treated with the FOLFOX regimen or capecitabine alone (n = 19; 55.9%), with the FOLFIRI regimen (n = 2; 5.9%), or with the FOLFIRI regimen associated with bevacizumab (n = 13; 38.2%) ( Table 1 ). The mean follow-up after hepatectomy was 60.9 AE 20.8 months. The mean overall survival after curative hepatectomy was 58.2 AE 3.1 months, and the mean disease-free survival was 26.2 AE 2.1 months ( Table 2) . One patient who died from postoperative peritonitis following the hepatic resection was excluded from the survival analysis.
Overexpression of CXCR2 and CXCL7 is correlated to overall and disease-free survival. We first compared survival time after hepatectomy according to the expression level of CXCR2 in metastatic liver tissue in the total population of patients (Fig. 1 ). An overexpression of CXCR2, with a cut-off value at 2, was associated with significant reduction in patient's overall and disease-free survival. The mean overall survival was 65.4 AE 3.3 months in patients showing a CXCR2 expression level below 2 (n = 32) compared to 29.8 AE 1.7 months for the high CXCR2 expression group (n = 19; P = 0.012) (Fig. 1a) . Similarly, with a cut-off at 2, the mean disease-free survival was significantly poorer in the high CXCR2 expression group than in the low CXCR2 expression group (15.4 AE 2.0 months vs 31.8 AE 2.6 months; P = 0.002) (Fig. 1a) .
Likewise, we compared patients' overall and disease-free survival according to the expression of the two main ligands of CXCR2, CXCL7 and CXCL8.
Overexpression of CXCL7 was significantly correlated with poorer overall and disease-free survival (Fig. 1b) . The CXCL7 cut-off of expression was identified to be 1. The mean overall survival was 64.4 AE 3.0 months in patients showing a CXCL7 expression below 1 (n = 41) and 28.0 AE 4.67 months in patients with a CXCL7 expression above 1 (n = 9; P < 0.0001). The mean disease-free survival was also significantly poorer in the high CXCL7 expression group than in the low CXCL7 expression group with a CXCL7 cut-off at 1 (9.9 AE 1.8 months vs 29.2 AE 2.4 months, respectively; P = 0.0015).
Overexpression of CXCL8 was significantly correlated with poorer overall survival but not with disease-free survival (Fig. 1c) . The discriminating CXCL8 cut-off of expression was identified to be 1. According to this cut-off, the mean overall survival was 62.8 AE 30.1 months in the low CXCL8 expression group (n = 44) compared to 31 AE 4.9 months in the high expression group (n = 8; P = 0.0008). The mean disease-free survival was also poorer in the high CXCL8 expression group than in the low CXCL8 expression group (11.2 AE 2.0 months vs 27.7 AE 2.3 months, respectively), but with no statistical significance (P = 0.19).
We then studied the correlations in the two subgroups of patients, having received or not a neoadjuvant chemotherapy prior to hepatic surgery (Fig. 1d,e) . We found that both CXCR2 and CXCL7 overexpression correlated with high significance with shorter overall and disease-free survival in the subgroup of patients treated by neoadjuvant chemotherapy and hepatic surgery but not in the subgroup of patients treated by hepatic surgery only. These data show that a poorer clinical outcome segregates with the increased CXCR2 and CXCL7 transcript levels and concerns patients who received neoadjuvant chemotherapy, suggesting that neoadjuvant chemotherapy would preselect for resistant tumors showing a deregulation of the CXCR2 ⁄ CXCL7 axis.
CXCR2 and CXCL7 are independent factors of overall and disease-free survival. Multivariate analyses were carried out considering the level of expression of one of these markers of interest and the known prognostic factors, including TNM classification of primary colorectal tumor (M status and T3 or T4 stage), treatment or no treatment with neoadjuvant chemotherapy before hepatectomy, and treatment or no treatment with neoadjuvant bevacizumab before hepatectomy (Table  S2) .
By multivariate analysis, CXCR2 was an independent factor of poorer overall and disease-free survival (P = 0.008 and P = 0.004, respectively) after adjustment with the administration of neoadjuvant chemotherapy and synchronous versus metachronous pattern of the metastatic disease. With a cut-off level of CXCR2 expression at 2, CXCR2 was independently associated with decreasing of overall and disease-free survival (P = 0.029 and P = 0.01, respectively) after adjustment for treatment with neoadjuvant chemotherapy and neoadjuvant bevacizumab. The actuarial overall survival after hepatectomy was significantly linked to the levels of expression of CXCR2 and of its ligand CXCL7, when data were adjusted to the administration of neoadjuvant bevacizumab (P = 0.01 and P = 0.007, respectively). The relative risk (95% confidence interval) of recurrence was 1.036 (1.006-1.066) every time CXCR2 increased by 1 unit. In multivariate analysis, CXCR4 and CXCL8 were not associated with overall or disease-free survival. Multivariate analysis carried out on the subgroup of patients having received a neoadjuvant chemotherapy regimen also identified CXCR2 and CXCL7 as independent prognostic factors of poorer overall and disease-free survival in this subgroup of patients. Therefore, the CXCL7 ⁄ CXCR2 axis appears to be a crucial pathway promoting further metastatic recurrence in patients treated with neoadjuvant chemotherapy and hepatic surgery for metastatic colon cancer.
Neoadjuvant chemotherapy before hepatectomy increases the expression of CXCR2 in colorectal liver metastasis. We compared the median CXCR2 expression levels in the two subgroups of patients having received, or not received, a neoadjuvant chemotherapy regimen. The median CXCR2 expression was more than threefold higher in the treated group (n = 30) than in the control group (n = 21) (1.89 [0.02-50.92] vs 0.55 [0.07-3.22], respectively; P = 0.016) (Fig. 2a) . Median CXCL7 expression was nearly threefold higher in the treated group than in the control group (0.40 [0.00-7.85] vs 0.15 [0.01-7.88], respectively) but without reaching statistical significance (P = 0.127) (Fig. 2b) . Neoadjuvant chemotherapy did not impact the median CXCL8 expression level (Fig. 2c) . In addition, no significant difference was found between median CXCL2, CXCL6, and MIF expression levels between the two subgroups of patients. Also contrasting with our previous findings obtained with a series of 23 patients, (7) we could not confirm an increase in CXCR4 expression in treated versus untreated patients with this larger series of 55 patients (Fig. 2c) .
Bevacizumab was given in combination with conventional chemotherapies to 13 of the 34 (38.2%) patients who received neoadjuvant chemotherapy. In order to analyze the effect of the addition of an anti-VEGF therapy, and bevacizumab in particular, on the expression of CXCR2, CXCL7, and CXCL8, we compared the expression of these genes in the liver metastases from patients treated with neoadjuvant chemotherapy with bevacizumab versus patients treated by neoadjuvant chemotherapy without bevacizumab. No significant difference was found either for CXCR2 or CXCL7 according to the addition or not of bevacizumab (Fig. 3a,b) .
Immunohistochemical analyses of liver colorectal metastasis showed a marked CXCR2 expression in tumor epithelial cells from treated patients (Fig. 3c,d) . A very weak CXCR2 staining was also present in the tumoral capillaries or endothelial cells. CXCR2 immunostaining was weak or not detected in the healthy liver parenchyma near the metastatic area. CXCR2 expression was more pronounced in the group of patients treated with neoadjuvant chemotherapy combined with bevacizumab than in the control group, both in terms of proportion of CXCR2-positive tumor cells and intensity of immunostaining.
Discussion
Currently, treatment of synchronous or metachronous colorectal liver metastases requires neoadjuvant chemotherapy before hepatic surgery. Actually, neoadjuvant chemotherapy is administered when liver metastases are initially unresectable or marginally resectable (more than five bilateral nodules). Conventionally, chemotherapy regimens consist of 5FU and folinic acid combined with irinotecan or oxaliplatin scheduled over six preoperative treatments. (25) Hepatic metastases are resected between 2 and 5 weeks after the last chemotherapy treatment, (26) or after 5-6 weeks when bevacizumab is used. (27) However, results have been disappointing, with a significant failure rate. (25, 28) In this report, we have shown that CXCR2 transcript levels were correlated with reduced disease-free and overall survival in patients with metastatic colon cancer. These data support the potential implication of CXCR2-dependent signalling pathways in tumor relapse. Furthermore, 5FU-based neoadjuvant chemotherapy for metastatic colon cancer patients increased the levels of CXCR2 transcripts in liver metastases and CXCR2 overexpression was associated with poorer outcome, suggesting that chemotherapy may preselect for more aggressive colon cancer cells with a deregulated CXCR2 axis. The identification of CXCR2 overexpression as a predictive factor for cancer relapse and poor survival was confirmed in multivariate analysis excluding confounding factors such as treatment with neoadjuvant chemotherapy or anti-VEGF neoadjuvant biotherapy. In tumors, the CXCR2 receptor has been primarily characterized on tumor cells, endothelial cells, infiltrating neutrophils, and tumor-associated macrophages. (29) CXCR2 immunostaining in colorectal liver metastases showed that chemotherapy-induced overexpression of CXCR2 is associated with the malignant status of epithelial cells. It was shown that activation of CXCR2 present on cancer cells promotes cell proliferation, cell migration, and invasion. Blockade of CXCR2 signalling with a CXCR2 antagonist inhibits proliferation and invasion of colon carcinoma cells in in vitro assays and growth of tumor xenografts in immunodeficient mice. (30) CXCR2 activation in cancer cells can occur in an autocrinedependent manner. Transfection of the CXCL8 gene in colon cancer cells increases their proliferative and invasive capacity. (30, 31) An autocrine loop involving growth-related oncogenes CXCL1 and CXCL2 promotes the proliferation of oesophageal cancer cells. (32) However, data from published reports brought clear evidence that CXCR2 receptor expressed in cells of the microenvironment also represents a critical component of tumors. Deficiency or inhibition of CXCR2 reduce inflammation-driven tumorigenesis and spontaneous intestinal adenocarcinoma in mouse models of intestinal tumorigenesis. (33) CXCR2 blockade reduces neutrophil infiltration in tumors and inhibits tumor growth. (34) In the tumor microenvironment, CXCR2 expression on endothelial cells is also relevant to tumor angiogenesis. (35) CXCR2 and CXCL8 promote angiogenesis and growth of mouse tumor grafts. (18) In pancreatic ductal adenocarcinoma, CXCR2 expressed on cancer-associated fibroblasts mediates tumor-stroma interactions and promotes tumor progression. (36) Interleukin-8 signalling pathways also mediate the mobilization of immature myeloid cells in CXCL8 transgenic mice. (37) Although CXCR2 expressed on microenvironmental cells can play a role in the progression of several tumors including colon tumors, our data show that CXCR2 expression in liver metastases is primarily found in the malignant cells and correlates to relapse of metastatic disease.
CXCR2 ligands include CXCL1, 2, and 3, epithelial cellderived neutrophil-activating peptide-78) ⁄ CXCL5, granulocyte chemotactic protein-2 ⁄ CXCL6, CXCL7, and CXCL8. These chemokines can promote tumor growth through the recruitment of protumorigenic neutrophils and stimulation of angiogenesis. (19, 38, 39) The important role of CXCL8 was particularly brought to evidence by the expression of human CXCL8 in mice that do not have the CXCL8 gene. (18, 37) Among the CXCR2 ligands analyzed in this study, we identified CXCL7 as a predictive factor of shorter disease-free and overall survival of patients. Few studies have been carried out on the potential role of this CXCR2 ligand in tumorigenesis. In breast cancer cells, transfection of CXCL7 stimulates Matrigel invasion and secretion of the lymphangiogenic factors VEGF-C and VEGF-D. (40, 41) Interestingly, the production of CXCL7 by mesenchymal stem cells was recently shown to be induced by interaction with breast cancer stem cells. A positive feedback cytokine loop between the two cell types was identified in which the cancer cells secrete IL6, which mediates the homing of the mesenchymal stem cells and the induction of CXCL7 production. (42) A growing body of evidence suggests that drugresistant cancer cell subpopulations may be enriched with cancer stem cells. (43) In our study, it is possible that the elevated CXCL7 levels are related to the presence of cancer stem cells.
Our work shows for the first time the role of the CXCL7 ⁄ CXCR2 signaling pathway in liver metastases as a predictive factor of metastatic recurrence and poor outcome in metastatic CRC. Furthermore, 5FU-based chemotherapy regimens increase the expression levels of CXCL7 and CXCR2, which are both strongly correlated with poor outcome, thus providing one explanation for the higher aggressiveness and metastatic potential of relapsed drug-resistant tumors. Tumor dormancy has been recently proposed as a mechanism allowing drug-resistant cancer stem cells to persist in a latent state in the body before tumor relapse. (44) In conclusion, our data provide new potential therapeutic opportunities with the selective blockage of the CXCR2 ⁄ CXCL7 signaling pathway. 
